SINP 2004-5/744 
January, 2004 



(N 
> 



Kinematic selection criteria in a new resonance searches: 
Application to pentaquark states 

Boris Levchenko 

Skobeltsyn Institute of Nuclear Physics, Moscow State University 

Abstract 

In this note I recall some features of two-body decay kinematics which can be effectively 
applied, in particular, in experimental searches for pentaquark states. 

^ : 

O ■ 1 Introduction 

(N : 
c : 

^ ^ ' In experimental searches for resonances, tracks of secondary particles are combined to form 

resonance candidates. In high energy reactions with multiparticle final states, this method of 
resonance reconstruction may cause a huge combinatorial background. Any additional physical 
information about the resonance and its decays (life-time, the mass of secondary particles etc.) 
helps considerably to reduce the background. For instance, the presence in an event a well 
', separated secondary vertex allows us to reconstruct A, Kg and mesons from the D-meson family 

CN ■ with a very low background. One such example is in Ref. [1^. Moreover, if masses of decay 

. products are known and significantly differ from each other, this information also has to be used 

I to reduce the background. This note is a discussion of these issues. 

' Below only two-body decays are considered and for each final state particle a set of equations 

■ describing boundaries of the physical region is given. Features of each physical region, through 

! implementation in selection criteria, can be used in the background suppression. 

iu: 

^ ; 2 Two particle decay 

I Let us consider a two-particle decay, R — > a -|- b, of a resonance R with a mass M/j and a 

^ ' momentum in the laboratory frame. Masses of the decay products are denoted as and 

^ . TTT-b. At the rest frame of R the particles a and b are flying in opposite directions with the 

momentum j2] 

P* = ^m'n -<- ml? - ^«]"' (1) 

In the laboratory frame, the absolute momenta and of the particles a and b depend on 
the relative orientation of the rest frame vectors and with respect to the boost vector. We 
shall consider only Lorentz boosts along the momentum and denote by 0* the polar angle 
between and the direction given by Pr. In that case, 0^^ = 71 — 0*. 

The energy and momentum components in both frames are related via |2j 

Em=^K(y,)-^-Pl(h) (2) 
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Pa(b)=p:(b)+^^[^^-^:(b)] (3) 



For a boost along Pr, the boost parameters are 

Er ^ Pr , . 

and therefore 

Pa(b) = ^ V^^^^^(b) + PRP*^os0l^^^r - <iy,)Ml (5) 

If in an experiment there is no possibiUty to determine a particle type corresponding to a given 
charged track, then only information about the particle momentum, Eq.©, is used. In the 
opposite case, when the particle type can be identified, for instance, by ionization, time of flight 
etc., one may incorporate this information and in addition use Eq. (j^J. Below, these cases are 
considered separately. 

2.1 Particles without identification 

The boundaries of the physical regions of the particle a on the {PR,Pa.) plane are easy to obtain 
with the use of the equation Q. For a given Pr, pa reaches the upper limit at 0* = 

pt = ^{PRE: + EnP*) (6) 



when the lower limit at 0* = tt 

p- = ^\PREt-EnP*\ (7) 

The equations similar to ©-© are valid for the particle b too. At the resonance rest frame 
Q demonstrates an interesting feature of the momentum of the particle flying backward. With 
increasing Pr, the momentum p^ (pb) first decreases, at Pr = MrP* /rrig^f^i^-^ it reaches the zero 
value and only at lager Pr starts to increase. When plotted on the momentum (PR,Pa) plane, 
Eqs.ljni)-© select a band- like physical region (m-band). For secondary particles with equal 
masses, ma = rn\,, these m-bands are fully overlapping. However, if for instance, ma > mb, the 
m-bands overlap only partially or even separate out at 

p y pis) ^MnP* 

The last equation follows from the condition p^ > p^- In Eq © the expression under the 
square root is positive only if 

P* < "^--"^^ (9) 
'8{m1 + m?) 



Thus, for ma ^ mb the physical regions of the particle a and b do not overlap if 

ma > VSP* (10) 

and P/j>Pi^\ 

We shall now consider a few particular applications of equations (P)- H10() . According to the 
PDG [SI only resonances with mass close to the threshold value ma + mb satisfy the condition 
()1U() . Some of them are listed in Table 1, where P* and P^^ values were calculated with use of 
(0) and (jHl), respectively. 
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Table 1 



i? ^ a + b 


Mij,, GeV 


TTT-a, GeV 


VSP*, GeV 


GeV 


A — > p + vr^ 


1.115 


0.938 


0.284 


0.301 


A ^ iV + vr 


1.232 


0.939 


0.643 


1.052 


S -> iV + TT 


1.193 


0.939 


0.528 


0.714 


E ^ A + TT 


1.385 


1.115 


0.596 


0.752 


S ^ iV + ET 


1.480 


0.939 


0.494 


2.066 


D'J ^ ai(1260)+ 


1.865 


1.230 


0.924 


6.457 




2.010 


1.865 


0.107 


0.088 


^ L»*(2010)+ 


2.535 


2.010 


0.424 


0.519 













Figs, la , lb and Ic shows m-bands of decay products for some resonances listed in Table 
1. For all of them always 

Pa > Ph (11) 

(s) 

at Pr > P}^', and ma significantly larger than m-b. We will refer to the momentum condition 
(|llj) as a m-selector. Thus, for resonances of the type in Table 1, fulfillment of the condition 
(jllj) allows an assignment to the particle a of the mass ma, i.e. we identify the particle a. The 
m-selector ((TT|) is a powerful tool for background suppression. 

In the two-body decay modes one meet with a higher incidence the situation shown in 
Fig. Id. For these decays the conditions Q-COI) are not fulfilled and at any Pr the phase space 
bands remain overlapping. Nevertheless, if ma > mb, one can demand fulfillment of (|11|) for 
the particle a in order to assign it the mass ma- In course of the resonance search the condition 
(|llj) rejects not only a significant part of the background, but also some fraction of the signal 
combinations. To estimate the efficiency of the m-selector we proceed in the following way. 

On {PR,Pa) plane the condition (|11|) is valid up to the line defined by the equation 

p^icosei, Pr) = p^cosdl, Pr) (12) 

For K* — > Ktt decays the last equality is shown in Fig. Id by the dashed line. The true K* is a 
combination of a kaon from the region above the line (|12() with a pion below it, and vice versa. 
From (|12)) and © we find the variation 91^ = it — 9^ along the line (|12|) 

cost)„ = ——— ■ 13 

Er 2P* ^ ' 

At the rest frame of R, (|11|) is equivalent to the exclusion of the region 0* > ^a- 1^°^ unpolarized 
particles the distribution of cos9^ is uniform and we define the efficiency of the m-selector ()11() 
as 

Eff = :L_^ . 100% (14) 

With the definition ((Tl} we get Eff = 100%, when the conditions (Pl- fTUI) are fulfilled, and 
Eff = 50% for decays with ma = mb ^. As another example, in Fig. 4 by the dashed line is 
shown the evolution of Eff with Pr in K* Kit decays. Eff grows because with the increase 
of Pr the overlap of m-bands decreases. 



^For real data Eff < 50%, see discussion in Sec. 3 
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In the limit large Pr, the expression for the efficiency can be simplified: 



2 2 

mi. — mt 



Eff = , " 1-100% (15) 

[Ml - (ma - mb)2] [Ml - {m^ + m^y 



^ • 100% (16) 



Ml - ml 



The last equation is a good approximation only if ma ^ mb- Equations H15|) -()16 |) confirms the 
result we have already seen in Fig. 4a, where Ejf is independent of Pr at large Pr. On the 
other hand, for fixed values of ma and mb, Eff decreases with increasing Mr, the mass of the 
resonance candidate. Thus, the higher the invariant mass of a two-particle combination, the 
more strongly ([TT|l suppresses that part of the mass spectrum. 



2.2 Identified particles 

Accounting for the particle masses^ transforms Eqs ©-© into 

^i = WR ^^^^^ + ^^^^ 

E- = ^ {ErEI - P^P*) (18) 

and at low Pr leads to a 'repulsion' between the phase space i?-bands on the energy {Pr, E^) 
plane (Fig. 2). For all resonances with ma ^ mb (see Table 1) 

> Ek (19) 

independently of Pr. This is not always true for the background combinations. Therefore, if 
applied, the condition (|19() suppresses the background even more strongly than (jllj) . We will 
refer to the energy condition (|T9|) as a iiJ-selector. 

As in the previous section, if the masses of the secondary particles do not differ significantly, 
at Pr greater than 

Mr(E* -E*) 

Pr = 20 
V4(P*)^ - {El - ElY 

the -E-bands start overlapping in the way shown in Fig 2d. The loss of signal combinations by 
demanding (|19j) for resonance candidates we estimate again with Eq. (|14|) . In the case under 
consideration, cos^* ^ solution of the equation 

E^icosOl, Pr) = Ei,{cosei, Pr) (21) 

Thus 

In the limit large Pr, with (j22)) we again recover Eqs. (|15j) - (|16)) . The evolution of Eff in 
K* — > Ktt decays is shown in Fig. 4a by the full line. Eff = 100% at Pr < Pr and drops down 
up to the value (|T^ . Eff ~ 71%, with increase of Pr. 



^The author is grateful to S.Chekanov for a discussion of that subject. 
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Pp», GeV pj^*, GeV 



Figure liPhase space m-bands of the particle a and b in the decays R ^ a + h as a function 
of the resonance momentum Pr. The dashed line on (c) corresponds to the momentum cut 
Pt^ = 0.15 GeV (See Section 3). The dashed line on (d) is correspond to Eg. hl'0\) . 
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Pp», GeV p^. , GeV 

Figure 2:Phase space E-bands in R ^ a + h decays as a function of the resonance momentum 
Pr. The dashed line on (d) corresponds to Eq. \21]) . 
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Figure 3:Phase space m-bands ((a), (c), (e)) and E-hands ((h), (d), (f)) in decays of the 
pentaquark states 0(1530) and H3/2(2070). The dashed lines correspond to Eqs. and \21]) . 
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3 Remark about D* reconstruction 



Charged particles are tracked in a tracking detector (TD). The resolution of the transverse 
momentum of a track traversing the TD is parametrized by <j{pt)/pt = ^Pt^B^C/pt, 
with pt being the track transverse momentum (in GeV). The coefficients A, B and C charac- 
terize the resolution of the TD. Usually, to increase the momentum resolution, only tracks with 
Pt > 0.12 — 0.15 GeV are selected. That cut, as shown in Fig. Ic, make impossible the recon- 
struction of D* mesons with momenta lower than 1.8-2.0 GeV. The m-band of vr mesons is very 
narrow and grows rather slowly with Pr. Tracks with momenta greater than p'^[Po*) belong 
to the background. This property can be used to suppress the background contribution to the 
distribution of the mass difference, AM = M{Ktt'Ks) — M{Ktt), by applying to the momentum 
of the soft pion (tTs) the following cut 

P.s<Pa+pt{PD*) (23) 

where j?o=0.0-0.3 GeV is a some shift from the pion m-band. In the decay D* — > D^tt, the rest 
frame momentum is small, P* =0.038 GeV, and the D* momentum can be estimated with @ 
by means of the reconstructed momentum, 

Fo-^'^-Pu, (24) 

Thus, from Eqs.((2il) and @ one get for (gHl) 

P.s <Po+ ^ l^^^^ ' ■ Pdo (25) 
Instead of (^5]) it is possible to apply another, less strict cut 

Ptts ^ Pn {Pmax) — " Pmax (26) 

here Pmax is the right-hand edge of the kinematic range of the D* candidates, Pd* < Pmax- 



4 Pentaquark states 

Now we apply the results of the previous sections to new resonances predicted by Diakonov, 
Petrov and Polyakov in the framework of the chiral soliton model and detected both in the 
formation type [3] and in the production type |n| experiments. 



4.1 6(1530) ^ 7V(939) + ^^(498) 

With the mass value predicted for 0+, Me=1.530 GeV, and the masses^ of decay products, 
mAr=0.939 GeV and mK=0A98 GeV, the condition is not satisfied. That implies the overlap 
of the m-bands at all Pq (Fig. 3a), as well as the overlap of the i?-bands at P@ > Pq=2.15 
GeV (Fig. 3b). The overlapping is not strong and both selectors (jll|) and (|19)) work with high 
efficiency (see Fig. 4). The m- and -B-selectors were already successfully applied in searches for 
the 0+ in production-type [HI and formation- type experiments. 

^In calculations were used mass values averaged over the isomultiplet. 
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Figure 4: Efficiency of the selection rule pa > Pb (dashed line) and Eg, 
different in decays of K* (892), 0(1530) and (2070) resonances. 



> £'b (full line) at 



4.2 S3/2(2070) ^ H(1318) + 7r(139) 

A baryonic state H is a weakly decaying particle. In a cascade decay, the vertex of the decay 
H Att is separated from the primary vertex, similarly to A — > p7r~ decays. This property is 
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Pg, GeV pg, GeV 



Figure 5: The m-bands and the efficiency of the m- and E-selectors for the ^ H + vr decay 
with the ^ass reported by the NA49 collaboration J^. 

used to suppress combinations which do not result from a S decay and helps to reconstruct the 
H candidate and its invariant mass. 

In spite of the large mass asymmetry, ms ^ w-tt, the conditions (|^- (|1U|) are not fulfilled in 
H3/2 decays and the pictures of the m- and E'-bands shown in Figs 3c, and 3d are very similar 
to those in decays. At low momenta the efficiency of the E'-selector is 100%. The -E-bands 
start overlapping at Ph >1.96 GeV. Thus, the efficiency of the i^-selector is no worse than 84% 
(Fig.4). 

4.3 23/2(2070) ^ E(1385) + ^^(498) 

The S(1385) decays strongly and exclusively at the primary event vertex. The decay modes 
— > Att^^ are dominant. Therefore, after the reconstruction of A, the use of the m- or 
E'-selector allows reconstruction of the S(1385) with 100% efficiency (see Fig lb. Fig. 2b). 

Figs 3e and 3f shows the m- and i?-bands in H3/2(2070) decays. The m-bands slightly overlap 
at low Ps and diverge at Ph > 7 GeV. The £^-bands are totally separated. Thus, in that decay 
mode, the m- and E'-selectors work with 100% efficiency (see Fig. 4). 

4.4 H3/2(2070) or 23/2(1860) ? 

The NA49 collaboration is provided jSj the evidence for the existence of a narrow H~7r~ baryon 
resonance with mass of 1.862ib0.002 GeV. This state is considered as a candidate for the exotic 
pentaquark state '^3/2- The reported mass value is much lower as predicted in 0. The last 
developments in the theory of pentaquark states did not exclude the lower mass for the H3/2 [S]- 
There are also arguments |10j that the result of the NA49 collaboration perhaps is inconsistent 
with data collected over the past decades. 
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In Fig. 5 shown the m-bands and the efficiency. They are much the similar to those in Fig. 
3e and Fig. 4d. The picture of the i?-bands is also similar to Fig. 3f. Thus, the E'-selector will 
not suppress the signal but suppress background at higher masses. 



5 Conclusions 

Kinematics of the two-body decay, R — > a+b, has been analyzed in terms of the phase space m- 
and ii^-bands. On the basis of many examples, in particular, the exotic anti-decuplet baryons 
(pentaquark states), it has been demonstrated that for ma > mb the selection rules pa > Ph and 
Ea > E\f can be with a high efficiency applied to reconstruct many resonances and to suppress 
backgrounds. 
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